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ABSTRACT
In cold dark matter (CDM) cosmogonies, low-mass objects play an important role
in the evolution of the universe. Not only are they the rst luminous objects to shed
light in a previously dark universe, but, if their formation is not inhibited by their
own feedback, they dominate the galaxy mass function until redshift z  5. In this
paper we present and discuss the implementation of a 3D cosmological code that in-
cludes most of the needed physics to simulate the formation and evolution of the rst
galaxies (Population III objects) with a self-consistent treatment of radiative feedback.
The simulation includes continuum radiative transfer using the \Optically Thin Vari-
able Eddington Tensor" (OTVET) approximation and line-radiative transfer in the H2
Lyman-Werner bands of the background radiation. We include detailed chemistry for
H2 formation/destruction, molecular and atomic cooling/heating processes, ionization
by secondary electrons, and heating by Ly resonant scattering.
We nd that Population III objects are characterized by a bursting star formation,
self-regulated by a feedback process that acts on cosmological scales. Their formation is
not suppressed by feedback processes; therefore, their impact on cosmic evolution cannot
be neglected. The main focus of this paper is on the methodology of the simulations,
and we only briefly introduce some of the results. An extensive discussion of the results
and the nature of the feedback mechanism are the focus of a companion paper. The
implications of our work could resolve at least some of the unsolved problems faced by
CDM cosmogonies.
Subject headings: Cosmology: early universe|cosmology: theory|galaxies: dwarf|
galaxies: evolution|galaxies: formation|galaxies: high-redshift|intergalactic medium|
methods: numerical
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1. Introduction
In the last ve years, precise observations of the cosmic microwave background (CMB), Ly
forest, galaxy clusters, and large scale structure have produced a large amount of data that strongly
constrain the standard cosmological model. Until now, despite some unsolved problems (???),
cold dark matter (CDM) cosmogonies remain the most predictive cosmological models. In CDM
cosmogonies, the large galaxies that we observe today are the result of the mergers of a large
number of small and faint galaxies (dwarf galaxies). The number of dwarf galaxies observed in
the local universe is larger than the number of normal galaxies but, today, they account for only a
small fraction of the mass in collapsed objects. About 12 billion years ago, galaxies with the mass
of our Milky Way were extremely rare, and the universe was lled with objects similar to dwarf
spheroidal galaxies.
How small can a galaxy be? Or how small can a protogalaxy be in order to be able to form
stars? A necessary condition for star formation is that the gas in the protogalaxy must cool
down to a temperature lower than the virial temperature of the halo in a Hubble time. If the
dark matter (DM) mass is MDM > 108 M, the gas in the protogalaxy (a so-called Population II
object) cools down by H i emission lines because the virial temperature of the halo is Tvir > 104 K.
But if MDM < 108 M and the protogalaxy is of primordial composition (we call such an object
a Population III object), the gas cannot cool (Tvir < 104 K) unless molecular hydrogen (H2) is
present. During the virialization process, the gas is partially ionized (xe  10−4) and heated to the
virial temperature by shocks. Free electrons can be captured by neutral hydrogen (H i ) to produce
H−, which is the main catalyst for H2 formation in a gas of primordial composition. The chemical
reaction H i +H− ! H2 + e− produces enough H2 (xH2  10−4) to allow the formation of galaxies
as small as MDM  105 M at z  30, i.e., with virial temperature Tvir  360 K (??).
Population III objects are thought to be the rst galaxies formed in the universe and, if their
formation is not inhibited by feedback, they should account for the bulk of mass in stars until
reionization. In Figure 1 we show the fraction of collapsed (virialized) DM as a function of the DM
halo mass at z = 24; 19; 16; 9; 5; 3; 0 calculated with the Press-Schechter1 formula (?). The inserted
table shows the fraction of the collapsed mass in Population III objects (Tvir < 104 K), normal
galaxies (Pop II objects with 104 K  Tvir  106 K), and clusters (Tvir > 106 K). The last column
in the table shows the ratio of the collapsed mass of the Population III to the Pop II objects. The
hexagons, squares, and triangles show the mass of 1 , 2 , and 3  perturbations of the initial
density eld, respectively. Population III objects are the dominant fraction of the DM collapsed
mass before redshift z  9, and they remain an important fraction of the DM collapsed mass until
redshift z  5.
Competing feedback eects determine the fate of Population III objects. Radiative feedback
1We adopt a CDM cosmological model with the following parameters: Ω0 = 0.3, ΩΛ = 0.7, h = 0.7 and
Ωb = 0.04. We assume n = 1 and COBE normalization of the initial matter power spectrum.
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Fig. 1.| Fraction of collapsed (virialized) DM as a function of the DM halo mass at z = 25,
calculated using the Press-Schechter formalism. The inserted table shows the fraction of the
collapsed mass in Population III objects (Tvir < 104 K), normal galaxies (Pop II objects with
104K  Tvir  106 K), and \clusters" (Tvir > 106 K). The last column in the table shows the
ratio of the collapsed mass of the Population III to the Pop II objects. Population III objects
are an important fraction of the DM collapsed mass until redshift z  5. Each curve has two thick
portions: the thick section on the left shows Population III objects, and the thick section on the
right \clusters". In between, according to our denition, are Population II objects.
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regulates the formation and destruction of H2 in the protogalaxies. Mechanical and thermal
feedback from SN explosions could blow away the interstellar medium of Population III objects,
produce H2 (?), or destroy H2. In this paper, we focus on radiative feedback processes. From the
rst works (????) on this subject, the negative feedback from the background in the H2 Lyman-
Werner bands was thought to be the main process that regulates the formation of Population III
objects. The background in the Lyman-Werner bands dissociates H2 through the two-step Solomon
process, suppressing or delaying the formation of Population III objects. But there are also
positive feedback processes that can enhance the formation rate of H2 (?????). It is not trivial to
determine which feedback prevails by means of semi-analytic models. Are Population III objects
able to form and survive the negative feedback eect of the dissociating background, or is their
number drastically suppressed? Are Population III objects numerous enough to have some eect
on the subsequent evolution of the IGM? In this paper we try to answer these questions, using
self-consistent 3D cosmological simulations with radiative transfer.
The simulations we present here are the rst 3D cosmological simulations that include a self-
consistent treatment of galaxy formation with radiative transfer by following the evolution of DM
particles, star particles, gas, and photons. We also solve the line radiative transfer for the back-
ground in the Lyman-Werner bands. A number of potentially relevant physical processes are
included as well: secondary ionizations of H and He, detailed H2 chemistry and cooling processes,
heating by Ly resonant scattering, H and He recombination lines, heavy element production and
radiative cooling, and the spectral energy distribution (SED), gν , of the stellar sources consistent
with the choice of the Lyman-continuum (Lyc) escape fraction, hfesci, from the resolution element
of the simulation. These ingredients, together with careful convergence studies, allow us to study
the formation and feedback of Population III objects by means of numerical simulations. The
advantage of this approach, compared to semi-analytic models, is that we make no assumptions
about the physical processes that are important in the simulation, apart from sub-grid physics.
We assume that, when the gas sinks below the resolution limit of the simulation, it forms stars
according to the Schmidt law (see eq. [??]).
We present our results in two papers. This rst paper focuses on the implementation of the
code and its convergence. In ?) (Paper II) we show and discuss the results.
The paper is organized in the following manner. In x 2 we describe the cosmological code and
the detailed physical processes simulated. In x ?? we study the convergence of the simulations, and
in x ?? we summarize the features of the code and its limitations. We also provide a few examples
of the results to demonstrate the power of the code to for addressing astrophysical problems.
2. The Code
The simulations presented in this paper were performed with the \Softened Lagrangian Hy-
drodynamics" (SLH-P3M) code described in detail in ??), ??), and ?). The code solves the system
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of time-dependent equations of motion of four main components: dark matter particles (P3M algo-
rithm); gas particles (quasi-Lagrangian deformable mesh using the SLH algorithm); \star-particles"
formed using the Schmidt law in resolution elements that sink below the numerical resolution of
the code; and photons solved self-consistently with the radiative transfer equation in the OTVET
approximation (?). We solve the line radiative transfer of the background radiation in the H2
Lyman-Werner bands with spectral resolution = = 9:26  10−6 (i.e., 20,000 logarithmic bins
in the energy range 11:2 − 13:6 eV of the H2 Lyman-Werner bands). Detailed atomic and molec-
ular physics is included: secondary ionizations of H and He, H2 chemistry and cooling processes,
heating by Ly resonant scattering, H and He recombination lines, heavy element production and
radiative cooling, and galaxy spectrum consistent with the value of hfesci.
We adopt a CDM cosmological model with the following parameters: Ω0 = 0:3, ΩΛ = 0:7,
h = 0:7, and Ωb = 0:04. The initial conditions at z = 100, where we start our simulations, are
computed using the COSMICS package (?) assuming a spectrum of dark matter perturbations with
power-law slope n = 1 and COBE normalization. We parametrize the unknown sub-grid physics
of star formation at high redshift with three free parameters: the star formation eciency, , the
energy fraction in emitted ionizing photons per baryon converted into stars, UV , and the Lyman
continuum (Lyc) escape fraction, hfesci.
In the rest of this section we will describe in detail some new components included in the code
that are particularly useful to address the problem of the formation of the rst luminous objects.
2.1. Line Radiative Transfer in the Lyman-Werner Bands
The evolution of the specic intensity Jν [erg cm−3 s−1 Hz−1 sr−1 ] of ionizing or dissociating




−H (@Jν@ − 3Jν) = −kνJν + Sν : (1)
Here, xi are the comoving coordinates, H is the Hubble constant, kν is the absorption coecient,
Sν is the source function, and _xi = cni=a, where ni is the unit vector in the direction of photon
propagation and a = (1 + z)−1 is the scale factor. The volume-averaged mean specic intensity
(\background") is
Jν(t)  hJν(t; ~x; ~n)iV ; (2)
where the averaging operator acting on a function f(~x; ~n) of position and direction is dened as:








The mean intensity Jν(t) satises the following equation:
@ Jν@t−H
(
@ Jν@ − 3 Jν

= −kν Jν + Sν ; (4)
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where, by denition, Sν  hSνiV , and kν  hkνJνiV = Jν . In general, kν is not a space average of
kν , since it is weighted by the local value of the specic intensity Jν . In the limit of the mean
free path of radiation at frequency  being much larger than a charateristic scale one is intersted
in (in our case the size of a computational box), kν = hkνiV . This limit is approached for the H2
photodissociating radiation in the Lyman-Werner bands.
If we rewrite equation (4) in terms of the dimensionless comoving photon number density
nν = (aLbox)34 Jν=hp where Lbox is a spatial scale (in this paper we take it to be the comoving
size of the computational box), and hp is the Planck constant, using substitutions dt = (a2=H0)d
and  = ln(), equation (4) can be reduced to the following dimensionless equation:
@nξ@ = 1adad@nξ@ − ξnξ + Sξ; (5)
where ξ = a2kν=H0 and Sξ = a5L3box4 Sν=hpH0. Using a comoving logarithmic frequency variable,
 =  + ln(a); (6)
equation (5) can be reduced to
@nξ¯@ = −ξ¯nξ¯ + Sξ¯; (7)
which has the formal solution,





















We calculate equation (8) at each time step,  , of the simulation. The two integrals inside the
square brackets on the right side of equation (8) can be solved analytically. We solve the third
integral numerically. The analytical calculations are analogous to the ones presented by ?) [see x 5














where  are the line proles, fLWosc,i and f
H
osc,i are the oscillator strengths of the lines in the H2
Lyman-Werner bands and H i Lyman series lines, respectively, and fi,ν′′=0 is the probability for the
ith line, calculated from ?), to decay to the ground vibrational level of the X1+g ground electronic
state of H2. A fraction fi,ν′′=0 of photons are re-emitted at the absorption frequency; therefore,
these photons are not removed from the dissociating background.
We assume that the absorption lines in Lyman-Werner bands have Gaussian line proles,
G(; i) = (1=
p
i) exp[−( − i)2=2i ], where i = 3  10−7iT 1/2IGM is the Doppler width
of the line i. The strong resonant lines in the hydrogen Lyman series typically have Lorentzian
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proles L(; i) = (Γi=2)=[( − i)2 + (Γi=2)2], where Γi = γi=2 and γi =
P
l A(i ! l) is the















for the lines in the H2 Lyman-Werner bands and the H i Lyman lines from Ly upward. Note that
Ly is not in the H2 dissociating band. The functions G and L are given by




 0 − ii
− erf ( 00 − ii ; (10)




 0 − iΓi
− arctan ( 00 − iΓi : (11)
Here,  0 = [1+H() ],  00 = [1−H()(−)], and erf(x) is the error function. The temperature
dependence of the Gaussian line proles can safely be neglected. As shown in Figure 11 of ?), the
integrated line prole G is almost independent of the gas temperature. In the limit of TIGM = 0,





1 if (i −i    i −i1)
0 if ( < i −i) and ( > i −i1):
(12)






where fdis,i is the fraction of absorptions in the H2 line i that cascade to the dissociating continuum.
In the top panel of Figure 2 we show the rst and the second terms on the right-hand side of
equation (8). In the bottom panel we show the dissociation cross section dis (dashed line) and the
source term Sν (solid line). In this gure we assume t = 1 Myr, z = 30, and xH2 = 10
−6. The
spectral resolution is = = 9:26  10−6.
2.2. H2 Chemistry and Cooling/Heating Processes
In Figure ?? we compare the chemical rates from the three compilations used most widely in
cosmology. The labels on the top of each panel indicate the reaction and the name of the rate
coecient according to the author of the compilation: K (?), A (?) and H (?). The bottom-right
panel compares the ro-vibrational H2 cooling functions from ?), ?), and ?). We have assumed
xH2 = 10
−3; for comparison we also show the Ly cooling. The thin lines show additional cooling
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Fig. 2.| The three functions (in dimensionless units, relative to one) used to solve line radiative
transfer in the H2 Lyman-Werner bands and H i Lyman series. Top panel: rst (solid line) and
second (dashed-line) terms on the right hand side of equation (8). Bottom panel: the source
term (solid line) and H2 dissociation cross section dis (dashed line). The spectral resolution is
= = 9:26  10−6 (i.e., 20,000 logarithmic bins in the energy range 11:2 − 13:6 eV).
